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Introduction

During January, 1998, collaboration between LLNL, UCI and Exdet, Ltd. arranged for
the testing and evaluation of a Russian developed antitank mine detection system at the
Buried Objects Detection Facility (BODF) located at the Nevada Test Site. BODF is a
secured 30-acre facility with approximately 300 live antitank mines that were buried in
1993 and 1994. The burial depths range from a few cm to 15 cm and the various metal-
and plastic-case antitank mines each contain 6-12 kg of high explosive. Contractors who
have tested their mine detection equipment at BODF include: SAIC, SRI, ERIM,
MIT/Lincoln Laboratory and Loral Defense Systems. In addition LLNL researchers have
used BODF to test antitank mine detection systems based on: dual-band infrared imaging,
hyper-spectral imaging, synthetic aperture impulse radar and micro-impulse radar. In a
blind test the Russian operated system obtained the highest score of any technology
tested to date at BODF. The system is based on combining information from two
separate sensors; one to detect anomalous concentrations of hydrogen and the other to
detect if such anomalies also have the correct nitrogen to carbon ratio for high explosives.
The detection sensitivity is set by the geometry and type of neutron moderator and filters
surrounding the neutron source and detectors. Detection of hydrogen anomalies is a rapid
process based on neutron scattering. The handheld instrument on the end of a wand
could scan a large area at a rate of 4-5 square meters per minute. Once the hydrogen
anomalies were located a second sensor was used to measure the thermal neutron excited
gamma-ray spectrum at each hydrogen anomaly to determine whether that location in
addition contained high concentrations of nitrogen. The second process was slower,
taking up to 5 minutes for each location. The information from both sensors were then
examined by the operator and a declaration was made as to whether or not the anomaly
was a buried antitank mine.

Although the system worked extremely well on all classes of anti-tank mines, the Russian
hardware components were inferior to those that are commercially available in the United
States, i.e. the Nal(Tl) crystals had significantly higher background levels and poorer
resolution than their U.S. counterparts, the electronics appeared to be decades old and the
photomultiplier tubes were noisy and lacked gain stabilization circuitry. During the
evaluation of this technology, the question that came to mind was: could state-of-the-art
sensors and electronics and improved software algorithms lead to a neutron based system
that could reliably detect much smaller buried mines; namely antipersonnel mines
containing 30-40 grams of high explosive?

Our goal in this study was to conduct Monte Carlo simulations to gain better
understanding of both phases of the mine detection system and to develop an
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understanding for the system’s overall capabilities and limitations. In addition, we
examined possible extensions of this technology to see whether or not state-of-the-art
improvements could lead to a reliable anti-personnel mine detection system.

Antitank Mine Detection System

The first phase of detection used a neutron source to irradiate the soil and the

backscattered neutron flux (n,n’ ) was measured. It is well known that the neutron
scattering and moderating abilities for the low-z elements in high explosives (H, C, O,
and N) are several times higher than for the heavier elements found in most dry soils (Si,
Fe, Ca, etc.) (1). The backscattered neutron flux at the soil surface can therefore be
several times higher when neutron source is over a shallow buried mine compared to the
backscattered flux from the soil only. The main advantage of neutron backscattering (its
high sensitivity to changes in H concentrations) can unfortunately lead to a high rate of
false alarms from sub-surface concentrations of moisture and buried items such as pieces
of plastic or wood. Measuring backscattered neutrons proved to be a rapid way to
identify hydrogen anomalies, but there were too many false alarms for this technique to
be useful by itself as mine detection system.

The geometry of the hand held unit containing the neutron source and neutron detectors is
shown in Fig. 1. An isotropic **Cf fission neutron source (1.2 x 107 n/sec) was mounted
inside a cylindrical aluminum casing having an internal radius of 1 cm, a wall thickness
of 0.5 cm, and a height of 1.5 cm. The aluminum cylinder was inserted in a cylindrical
hole ina 10 cm x 10 cm x 5 cm block of polyethylene. The sides and top of the
polyethylene block were covered with an unknown thickness of a “neutron reflector”
backed by an unknown thickness of cadmium. The sides and back were treated in our
simulations as perfect neutron absorbers. The polyethylene block was mounted on an 24
cm x 24 cm base consisting of a 1-mm thick sheet of copper on top of a 2-mm thick sheet
of aluminum. Figure 1 also shows 1-mm thick “heavy metal filters” below the
polyethylene block to reduce the flux of thermal neutrons from the source region and
“counter screens” to improve the signal to background ratio. Since we were unable to
obtain any information on these features they were left out in our simulations. A
moderated *He neutron detector, 2-cm diameter, 20-cm long, and laterally displaced by 9
cm was mounted symmetrically on each side of the neutron source. A shaped, composite
shield to provide lateral confinement of the neutron flux was placed between the neutron
source and “He detectors.

The second phase of detection used a neutron source to irradiate the soil and the
secondary gamma rays resulting from thermal neutron (n,y) reactions were measured.

The gamma-rays energy spectrum provides a unique signature of for buried explosives (H
—2.2MeV, C-4.0 MeV, 0-6.0 MeV, and N-10.8 MeV). A Nal(TI) crystal and
photomultiplier tube were used to measure the gamma spectrum. In the experiments at
BODF the same ***Cf neutron source was used for both the first and second phase of
detection, although optimally the neutron spectra for (n,n ) and (n,y) interactions would
be tailored quite differently (2). The geometry for the gamma sensor is shown in Fig. 2.
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Monte Carlo Simulations

We conducted Monte Carlo simulations for both phases of the Russian detection system.
We used three Monte Carlo codes: COG(3) and TART(4) developed at LLNL and
MCNP(5) developed at LANL. COG is a high-resolution code for the Monte Carlo
simulation of coupled neutron, gamma, and electron transport in arbitrary 3-D geometry.
COG solves the Boltzmann equation for the transport of neutrons and photons, and links
to the EGS (6) electron transport code kernel for the transport of electrons. COG has
many variance reduction techniques, which enable it to solve difficult deep-penetration
shielding problems. TART is a coupled neutron-photon, 3-Dimensional, combinatorial
geometry, time dependent Monte Carlo transport code. Neutron cross sections can either
be taken from the LLNL ENDL library or a newer 650-group treatment covering the

energy range 104 eV up to 1 GeV. We ran a test case with all three codes to identify
possible errors in our input decks and to look for possible systematics due to differing
physics packages in the codes. For this particular problem all three codes gave essentially
identical results and the majority of our subsequent runs were made with MCNP. Typical
examples of the source decks for the MCNP runs corresponding to “mine plus soil” and
“soil only” are listed in Appendix A and Appendix B.

Because the (n,n’ ) reaction rate is especially sensitive to low z elements, our simulations
used the measured soil composition at BODF (7) and included moisture content that was
measured in-situ while the tests were being conducted. Typical values of the volumetric
water content (cm’ of H,O per cm’ of soil) vs. depth are shown in Fig. 3 for both
vegetated and bare soils.

Using the published fission neutron spectrum for *>Cf (8), we calculated the detection
sensitivity for a prototypical antitank landmine buried at depths ranging from 2.5 - 10
cm. Table 1 lists the results from a MCNP calculation using 4 neutron energy groups
between 0.001 eV and 10 eV and twenty million neutron particle histories. Columns
three and four compare the detected neutrons backscattered from the soil with the
detected neutrons backscattered from the soil plus 5 kg cylinder of TNT (20 cm diameter,
10 cm high) buried 2.5 cm below the surface. The signal to background ratio exceeded 2
throughout the thermal region of the spectrum and the fraction of neutrons scattered from
the TNT that reached the detector was ~0.1%. Therefore, our simulations based on the
geometry in Fig. 1 predict the backscattered signal would be easily detected. Detailed
comparisons of our simulations with the field data were limited by the amount of
quantitative information we were able to obtain from the Russians on their system. For
instance we were told the high-z case behind the polyethylene block contained
experimentally optimized layers of filters and moderators to increase the neutron albedo
and provide maximum flux at a burial depth of 10-cm. The Russian scientists were
reluctant to divulge information regarding specific dimensions and materials for any of
the filters and moderators that were not accessible to visual inspection. In addition we
were unable to obtain detailed quantitative information on the Russian electronics (i.e. the
pulse forming circuits, the neutron energy threshold and the integration time constants).
Nevertheless, our simulations are in qualitative agreement with the field data in that they
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predicted statistically significant signals for every declaration in the field test where the

hydrogen concentration was in fact due to a buried mine.

Table 1: Monte Carlo simulation (20 million histories) of backscattered neutrons from 5

kg TNT buried at 2.5 cm

E.i. E, . Soil Soil+TNT (Soil+TNT)/Soil
(MeV) (MeV) (neutrons) (neutrons)
1.0x 10° 1.0x10°% 287 745 2.6
1.0x10°® 1.0x 107 6118 14274 2.3
1.0x 107 1.0x 10° 4019 9410 2.3
1.0x 10° 1.0x 107 4146 9374 2.3

The second phase or nitrogen determination phase of detection was simulated with

MCNP using the neutron source and detector geometry shown in Fig. 2. The antitank
mine was defined as a 5-kg cylinder of TNT (20-cm diameter, 10-cm high) buried at
distances of 2.5 to 15 cm below the soil surface. The neutron source was again an
isotropic **Cf fission neutron source. A cylindrical Nal(Tl) detector, 11.2-cm diameter,
6 cm in height, was radially displaced 15 cm from the shielded neutron source. The
detector and neutron source were positioned 5 cm above the surface of the soil. Figure 4
compares the gamma flux incident on the detector for the soil only [Fig. 4(a)] and the soil
plus TNT [Fig 4(b)]. The photon peak at 10.8 MeV, corresponding to the '“N(n,y)
reaction, is clearly seen when the TNT is present. Although the resulting signal would be
weak, the natural occurring background and background arising from neutron capture
with other environmentally occurring elements in this region of the spectrum is extremely
low. With the detector geometry shown in Fig. 2 and a detection efficiency of 1 x 107, a
statistically significant (30) signal would be obtained in about 3 minutes. This is in
agreement with the field data where typically 3-5 minute time integrations were
necessary to make the declaration of whether or not the hydrogen anomaly located in the
first phase was a buried mine.

The second phase detection system was claimed to incorporate electronic software that
combined information from the gamma peaks associated with the delayed gamma-ray
reactions in carbon (hv = 4.9 MeV), silicon (hv = 8.5 MeV), and nitrogen (hv = 10.8
MeV). The explanation was that by measuring the carbon to nitrogen ratio one could
reduce the number of false alarms due to other objects that had high concentrations of
nitrogen by assuring the ratio was consistent with the composition of high explosives. It
was also claimed that the nitrogen to silicon ratio was a more sensitive signature for high
explosive than the nitrogen alone because of the decrease in silicon gamma-ray flux
corresponding to the soil displaced by the mine. The data in Fig. 4 clearly show there is
little or no information to be gained by such systems over a system based on simply
detecting the presence of nitrogen.
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Summary

We have modeled the Russian mine-detection technology based on a two phase system
that combined information from two separate sensors detecting back scattered neutrons

and the delayed gamma rays resulting from (n,y) reactions. Our simulations predict
results for both phases of detection consistent with the field test results from the 1998
evaluation of the Russian system at BODF. With a ~1.0x107 n/s *°Cf neutron source the
detection of hydrogen associated with 6 kg of TNT buried a few cm below the soil is a
rapid process taking only a few seconds. But such a system by itself produces numerous
false positives. Interrogation of these locations with the second phase would result in a
statistically significant (n,y) signal from nitrogen in ~ 3 minutes. Such a system appears
to be robust for detecting mines containing > 6kg TNT buried to depths < 15 cm.

Another objective of this study was to determine whether or not this particular two-phase
methodology could be scaled to detect anti-personnel mines containing a much smaller
mass (~30 g) of high explosive. The data from our simulations indicate a successful
scaling to detect buried high-explosives with a mass < 150 g is simply not practical. Data
in Table 1 clearly show the signal-to-background ratio for antipersonnel mines would be
so low that there would be many false positives arising from the natural sources of
hydrogen concentration in the soil. The data in Fig 4 shows that with 6 kg TNT,
approximately ten 10.8 MeV gamma rays arrive at the detector per 20 million neutrons.
Scaling these results by solid angle and mass to a 30-g antipersonnel mine (4 cm
diameter, 1.25 cm high) buried at 1 cm gives a detection rate of 10 gamma rays per 4
billion neutrons. To increase this detection rate to a practical level would require either a
significantly stronger neutron source or a geometry that provides a much larger solid
angle for the source-mine-detector. The former is ruled out from radiological safety
considerations and the latter is limited to gains of < 10 due to the shielding requirements
between the neutron source and the detector. A pulsed neutron source and time gated
circuitry offer some attractive possibilities but such considerations are beyond the scope
of this study.
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3He neutron detectors
2 cm diameter x 20 cm long -,
Neutron reflector Handle
Composite shields
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Figure 1

First phase detection system (n,n’). A *>Cf neutron source (1.2x107 n/s) was mounted
ina 5 cm x 10 cm x 10 cm polyethylene block 1.5 cm above the base. *He neutron
detectors were mounted on each side of the neutron source at a distance of 9 cm. 2.6cm
thick composite shields were placed between the source and the detectors.
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Figure 2

Second phase detection system “N(n,y). A *°Cf neutron source contained in an
aluminum housing (1.3 cm diameter by 3.8 cm long) positioned 5 cm above the base.
The source was mounted in a 10-cm polyethylene cube with a 3-cm thick lead shield
between the source and the gamma-ray detector. Top of polyethylene cube shielded with
4 cm of lead. The outside surface of lead was covered with a 1-mm thick layer of
cadmium. A 100-um thick gadolinium foil was mounted below the polyethylene cube.
The gamma-ray detector was mounted in a 6-mm thick iron cylinder 14-cm diameter,
23-cm long. The wall thickness of the aluminum case is 1 mm.
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Figure 3 Volumetric water content versus depth. In-situ measurements of the soil
moisture were made in the minefield during the mine detection evaluation. The
evaluation was conducted during a three day period 6 days after a heavy rain.
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Monte Carlo simulations of (n,y) spectrum (20 million neutron histories) run during
evaluation of Russian-developed technology for the detection of buried mines, showing
(a) soil only, and ( b) soil plus 5 kg of TNT buried 15 cm below the surface. Note photon
peak at 10.8 MeV in (b) shows presence of TNT.
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APENDIX A
MCNP Input Deck for Soil Plus 5 kg TNT

¢ ##¥FH*detection of explosives using neutrons***##
c

¢ source zone--an air cylinder
11-1.207e-34-9-7

¢ lead casing for source
25-11.349-84-6

35-11.34-97 -6

¢ polyethylene surrounding source casing
43-092-5610-1112-13
53-092-68410-1112-13

¢ He-3 detector regions at about 4 atm.
6 8-5.0e-4-1410-11
78-5.0e-4-1510-11

¢ "black" box around polyethylene cccceece
cztop

80-20510-1118-19

¢ x sides

9011-1723-2422-20

100-10 16 23 -24 22 -20

cy sides

11013-1910-114-5
120-121810-114-5

C CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeeeeee
c

¢ bottom Al sheet
136-2.702-42123-2410-11

¢ bottom Cu sheet

147-8.94 -212223-2410-11

c air between detector bottom and soil
151-1.207e-3 -1-2225

¢ mine

¢ soil between top of the mine and air
162-1.7-1-2526

¢ soil under the mine

172-1.7-1-273

¢ soil around the mine
182-1.7-127-26 28

¢ the mine zone

194 -1.654 -28 27 -26

c air from the top of the detector up
201-1.207e-3 -1 -2 20
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c air in the +x sense from the detector
211-1.207e-3-122-20 17

c air in the -x sense from the detector
22'1-1.207e-3-122-20-16

c air in the +y and -y sense from the detecor
231-1.207e-3-122-2016-17 24
241-1.207e-3-122-2016 -17 -23

¢ box of air around the cylindrical detectors
251-1.207e-31410-11 19 -24 4 -20
261-1.207e-31510-11-18 23 4 -20

c the rest of the universe

270 1:2:-3

¢ outermost cylinder

1 ¢z 100

¢ top air plane

2 pz 100.0

¢ soil bottom plane

3 pz-50.0

¢ source and moderator (borated polyethylene) surfaces
4 pz -1.0001

5pz4.0

6pz1.5

Tpz1.0

8czl5

9c¢z 1.0

10 px -5.0

11 px 5.0

12 py -5.0

13 py 5.0

¢ He-3 detectors cylinders 8-cm off center
¢ parallel to x at each side of the source

14 ¢/x 8.00.0 0.5

15 ¢/x -8.00.0 0.5

¢ perfect absorber surfaces around poly box
16 px -5.5

17 px 5.5

18 py -5.5

19 py 5.5

20 pz 4.5

¢ bottom of the detector assembly Al and Cu sheets
21 pz-1.2

22pz-1.3

23 py -12.0

24 py 12.0

¢ soil top plane

25 pz -2.5
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¢ mine top plane (mine buried 2.5 cm deep)
26 pz-5.0

¢ mine bottom plane

27 pz -15.0

¢ mine cylinder

28 cz 10.0

c

mode n

¢ air composition from CRC manual (dry air)
ml 6012 0.00016

7014 0.78439

8016 0.21074

¢ 18000 0.00471 (argon not in mcnp libraries)
¢ soil composition from Art in weight fractions
m?2 1001 -0.004887

8016 -0.492097

11023 -0.024000

13027 -0.062000

14000 -0.292000

19000 -0.021000

20000 -0.042000

22000 -0.006000

26056 -0.056000

5010 -0.000002

5011 -0.000008

64000 -0.000006

¢ polyethylene (CH2)

m3 1001 2 6012 1

¢ TNT (C7TH5N306)

m4 1001 5 601277014 7 8016 6
c

c lead

m5 82206 0.245

82207 0.225

82208 0.530

¢ aluminum

m6 13027 1.000

c copper

m7 29063 0.6917

29065 0.3083

¢ helium-3

m8 2003 1.000

c

imp:nl16r04r113r0

phys:n

sdef cel=1 pos=0 0 0 erg=d1
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¢ Cf-252 source spectrum from NIST

c
si100.050.10.20.250.30405060.70.811.214151.6
1.8222232426283343.7424655566577.5
88599510111213141618

spl 0 0.0039 0.0074 0.0219 0.014 0.0152 0.0323 0.0337 0.0343 0.0343
0.0338 0.0664 0.0641 0.0608 0.029 0.0279

0.0527 0.0484 0.0442 0.0206 0.0196

0.0364 0.0328 0.0296 0.0503 0.031

0.0413 0.0253 0.02 0.019 0.014

0.0102 0.00734 0.00527 0.00378 0.0027

0.00193 0.00137 0.00098 0.00118 0.00059

0.0003 0.00015 0.00011 0.00003

cut:n

¢ detector score

f4An67

e4 le-9 le-8 le-7 le-6 le-5 le-4 1e-3 le-2 le-1 1 le+1 le+2
nps 20000000

ptrac type= n file=asc event=sur &

filter=6,7,icl cell=6,7 write=all &

max=1000000

print 10
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APPENDIX B
MCNP Source Deck for Soil Only

¢ ##*FH*detection of explosives using neutrons***##
c

¢ source zone--an air cylinder
11-1.207e-34-9-7

¢ lead casing for source
25-11.349-84-6

35-11.34-97 -6

¢ polyethylene surrounding source casing
43-092-5610-1112-13
53-092-68410-1112-13

¢ He-3 detector regions at about 4 atm.

6 8-5.0e-4-1410-11
78-5.0e-4-1510-11

¢ "black" box around polyethylene cccceece
cztop

80-20510-1118-19

¢ x sides

9011-1723-2422-20

100-10 16 23 -24 22 -20

cy sides

11013-1910-114-5
120-121810-114-5

C CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeeeeee
c

¢ bottom Al sheet
136-2.702-42123-2410-11

¢ bottom Cu sheet

147-8.94 -212223-2410-11

c air between detector bottom and soil
151-1.207e-3 -1-2225

¢ mine

¢ soil between top of the mine and air
162-1.7-1-2526

¢ soil under the mine

172-1.7-1-273

¢ soil around the mine

182-1.7-127-26 28

192-1.7-28 27 -26

c air from the top of the detector up
201-1.207e-3-1-220

¢ air in the +x sense from the detector
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211-1.207e-3-122-20 17

c air in the -x sense from the detector
22'1-1.207e-3-122-20-16

c air in the +y and -y sense from the detecor
231-1.207e-3-122-2016-17 24
241-1.207e-3-122-2016 -17 -23

¢ box of air around the cylindrical detectors
251-1.207e-31410-11 19 -24 4 -20
261-1.207e-31510-11-18 23 4 -20

c the rest of the universe

270 1:2:-3

¢ outermost cylinder

1 ¢z 100

¢ top air plane

2 pz 100.0

¢ soil bottom plane

3 pz-50.0

¢ source and moderator (borated polyethylene) surfaces
4 pz -1.0001

5pz4.0

6pz1.5

Tpz1.0

8czl5

9c¢z 1.0

10 px -5.0

11 px 5.0

12 py -5.0

13 py 5.0

¢ He-3 detectors cylinders 8-cm off center
¢ paralell to x at each side of the source

14 ¢/x 8.00.0 0.5

15 ¢/x -8.00.0 0.5

¢ perfect absorber surfaces around poly box
16 px -5.5

17 px 5.5

18 py -5.5

19 py 5.5

20 pz 4.5

¢ bottom of the detector asseambly Al and Cu sheets
21 pz-1.2

22pz-1.3

23 py -12.0

24 py 12.0

¢ soil top plane

25 pz -2.5

¢ mine top plane (mine buried 2.5 cm deep)
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26 pz-5.0

¢ mine bottom plane

27 pz -15.0

¢ mine cylinder

28 cz 10.0

c

mode n

¢ air composition from CRC manual (dry air)
ml 6012 0.00016

7014 0.78439

8016 0.21074

¢ 18000 0.00471 (argon not in mcnp libraries)
¢ soil composition from Art in weight fractions
m?2 1001 -0.004887

8016 -0.492097

11023 -0.024000

13027 -0.062000

14000 -0.292000

19000 -0.021000

20000 -0.042000

22000 -0.006000

26056 -0.056000

5010 -0.000002

5011 -0.000008

64000 -0.000006

¢ polyethylene (CH2)

m3 1001 2 6012 1

¢ TNT (C7TH5N306)

m4 1001 5 601277014 7 8016 6
c

c lead

m5 82206 0.245

82207 0.225

82208 0.530

¢ aluminum

m6 13027 1.000

c copper

m7 29063 0.6917

29065 0.3083

¢ helium-3

m8 2003 1.000

c

imp:nl16r04r113r0

phys:n

sdef cel=1 pos=0 0 0 erg=d1

¢ Cf-252 source spectrum from NIST
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c
si100.050.10.20.250.3040.50.60.70.811.214151.6
1.82222324262833437424655566577.5
88599510111213141618

spl 0 0.0039 0.0074 0.0219 0.014 0.0152 0.0323 0.0337 0.0343 0.0343
0.0338 0.0664 0.0641 0.0608 0.029 0.0279

0.0527 0.0484 0.0442 0.0206 0.0196

0.0364 0.0328 0.0296 0.0503 0.031

0.0413 0.0253 0.02 0.019 0.014

0.0102 0.00734 0.00527 0.00378 0.0027

0.00193 0.00137 0.00098 0.00118 0.00059

0.0003 0.00015 0.00011 0.00003

cut:n

¢ detector score

f4n67

ed 1e-9 1e-8 le-7 1e-6 1e-5 le-4 1e-3 1e-2 1le-1 1 le+1 le+2
nps 20000000

ptrac type= n file=asc event=sur &

filter=6,7,icl cell=6,7 write=all &

max=1000000

print 10
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